Co 2 (OH)(PO 4 ) has been prepared from hydrothermal synthesis and characterized from powder x-ray diffraction. The nuclear and magnetic structures have been determined by neutron ͑D2B and D1B͒ diffraction data. The structure consists of a three-dimensional framework in which Co(1)O 5 -trigonal bipyramid dimers and Co(2)O 6 -octahedra chains are simultaneously present. The EPR spectrum of Zn 2 (OH)(PO 4 ):0.1%Co at 4.2 K shows a strong anisotropy of the g factor. The values obtained for the g tensor and the hyperfine coupling constants for the octahedral symmetry were g 1 ϭ5.890, g 2 ϭ4.550, and g 3 ϭ2.021 and A 1 ϭ240 ϫ10 Ϫ4 cm Ϫ1 , A 2 ϭ155ϫ10 Ϫ4 cm Ϫ1 , and A 3 ϭ85ϫ10 Ϫ4 cm Ϫ1 . Signals corresponding to the fivecoordinated Co͑II͒ ions were also observed. Magnetization measurements show the presence of two maxima at circa 75 and 15 K, respectively. The first peak was attributed to a three-dimensional antiferromagnetic ordering and the second one reveals the existence of a spin-glass-like state. This state with a cooperative freezing was also confirmed by both ac susceptibility measurements and magnetic irreversibility observed in the zero-fieldcooled-field-cooled signals. From low-temperature neutron-diffraction data, antiferromagnetic ordering is established with an ordering temperature of 71 K. The propagation vector of the magnetic structure is k ϭ͓0,0,0͔. The magnetic moments at 1.7 K are ferromagnetically coupled between CoO 6 -octahedra chains and the Co 2 O 10 dimers in the z direction. The values obtained for the magnetic moments are: 3.39(7) B ͓Co͑1͔͒ and 3.84(5) B ͓Co͑2͔͒. The absence of any anomaly in both the specific heat and thermal evolution of the magnetic moments below ϳ20 K confirms the blocking process of a spin glass behavior. The crystal-field splitting of the Co 2ϩ ions causes a single ion anisotropy along the z ͑c-axis͒ direction, giving an Ising character in which the local spins from the Co͑1͒ dimers are frozen. A magnetic frustration in the Co͑1͒ magnetic moments is observed as due to the presence of antiferromagnetic interactions between Co͑2͒ neighbor chains. It is to note the existence of a Co(1)-O(3)(PO 3 )-Co(2) superexchange angle with a value of 107°that involves ferromagnetic couplings between chain and dimer neighbors ferromagnetically coupled. This exchange pathway together with the anisotropy and frustration could be the responsible of the spin glass behavior observed in the three-dimensional antiferromagnetic Co 2 (OH)(PO 4 ) ordered phase.
I. INTRODUCTION
The great ability of phosphate and arsenate frameworks to stabilize different oxidation states is produced for the relatively high charge in XO 4 3Ϫ tetrahedra that favors the formation of anionic frameworks with a high degree of mechanical, chemical, and thermal stability. 1, 2 These compounds, minerals in some cases, offer a considerable number of structures which can give rise to original physical properties ͑magnetic, heterogeneous catalysis, ion exchange, optical, etc͒ with potential applications. Hydrothermal techniques can be used as an adequate synthetic method to prepare minerals or complex phosphates and arsenates of transition metals, where a systematic variation of the temperature and pressure can originate interesting structural phases.
The complex structural chemistry of minerals of formula ABXO 4 has been known for many years, 3 and several structural types have been elucidated for this general formula. The adamite-type M 2 (O/OH)(XO 4 In addition, the Co 2 (OH)(AsO 4 ) phase has been found in solid solution with adamite. 9 The crystal structure of Co 2 (OH)(PO 4 ) was recently published. 10 Unfortunately, even if good crystals for x-ray structure determination were obtained, powdered pure phases were not prepared. This fact precluded carrying out any study on the physical properties of this material. However, by changing the synthetic method and using mild hydrothermal reactions starting from a known precursor and checking the pH of the mixture reaction allowed us the attainment of Co 2 (OH)(PO 4 ) as a pure phase.
The crystal structure of Co 2 (OH)(PO 4 ) contains two different topologies for the metal ions, such as the octahedral and trigonal bipyramidal ͑Fig. 1͒. The ͓Co(2)O 4 (OH) 2 ͔ octahedron shares two opposite edges with two neighboring octahedra to form a linear chain propagated along the c axis. The two trigonal bipyramids ͓Co(1)O 4 (OH)͔ constitute a dimer by sharing an edge. The dimeric unit, the linear chain of the octahedra, and the anion tetrahedra share corners thereby forming a three-dimensional network. Considering the presence of two different metal positions together with the nature ͑anisotropy and spin-orbit coupling͒ of the Co 2ϩ ions, interesting physical properties should be expected.
In this work we report, as far as we are aware, on the first ordered phosphate Co 2 (OH)(PO 4 ) with a spin-glass behavior. Spectroscopic and magnetic properties are discussed in order to investigate the nature of the anomalies showed by the magnetic measurements. Neutron powder diffraction experiments allow us to determine the magnetic structure of the low-temperature ordered phase. The thermal evolution of the magnetic moments suggests that below ϳ20 K these are practically saturated.
II. EXPERIMENT
Co 2 (OH)(PO 4 ) was synthesized by mild hydrothermal conditions starting from the Co 3 (PO 4 ) 2 8H 2 O phase, which was previously described. 11 Approximately 0.2 g of this precursor were disgregated in 35 mL of water and were placed in a poly͑tetrafluoroethylene͒-lined stainless steel container ͑fill factor 75%͒ under autogeneous pressure generated by a temperature of Ϸ180°C for one week. The content of Co and P in the microcrystalline purple powdered sample was calculated by inductively coupled plasma atomic emission spectroscopy with an ARL Fisons 3410 spectrometer, confirming the Co 2 (OH)(PO 4 ) chemical formula.
An x-ray powder diffraction pattern was collected on a Philips X'PERT automatic diffractometer in Bragg-Brentano geometry operating at 40 kV and 40 mA. The Cu K␣ radiation (ϭ1.5418 Å) was employed with steps of 0.02°in 2 and fixed time counting of 1 s in the 5°р2р80°range. Neutron powder diffraction measurements were performed on the D1B and D2B powder diffractometers, at the Institute Laue-Langevin of Grenoble, using wavelengths of 2.52 and 1.595 Å, respectively. About 5.0 g of Co 2 (OH)(PO 4 ), contained in a cylindrical vanadium can and held in a liquidhelium cryostat, were employed in both experiments. The high resolution of D2B was used to obtain extensive and accurate structural data of cobalt hydroxyphosphate at room temperature, at 30 and 2 K, respectively, over a large angular angle 0р2р160°. D1B has a 400-element linear multidetector covering an angular range of 80°. The high flux and medium resolution of D1B were used to study the thermal evolution of the sample, in the temperature range 1.7-150 K. The diffraction patterns were collected every 2 K for 5 min in the angular range 10р2р90°. The Rietveld method 12 was used to refine the crystal and magnetic structures. All the data, from x-ray as well as from neutron diffraction, were analyzed with use of the FULLPROF ͑Ref. 13͒ program suite. For the patterns the backgrounds were fitted to a polynomial refinable function. The D1B patterns were refined sequentially, taking as starting parameters of each pattern those resulting from the refinement of the proceeding one. A pseudoVoigt function was chosen to generate the line shape of the diffraction peaks. The structure determined by using x-ray single crystal data 10 was used as a starting model for the refinements.
Spectroscopic measurements were studied by both diffuse reflectance and electron paramagnetic resonance. The UVvisible spectrum was collected on a Cary 2415 spectrometer and registered at room temperature in the 5000-50 000-cm Ϫ1 range. The EPR measurements were recorded on a Bruker ESP 300 spectrometer at 4.2 K. The temperature was stabilized by an Oxford Instrument ͑ITC4͒ regulator. The magnetic field was measured with a Bruker BNM 200 gaussmeter, and the frequency inside the cavity was determined using a Hewlett Packard 5352B microwave frequency counter.
Magnetic susceptibility measurements ͑dc͒ were performed in an applied field of 0.1 T over the temperature range 4.2рT/Kр300 using a Quantum Design MPSM-7 superconducting quantum interferency device magnetometer. Data were collected after both zero field cooling and field cooling of the sample. Magnetization was measured as a function of field in the range Ϫ7рH/Tр7 at a temperature range after cooling the sample in a zero field. For the ac magnetic susceptibility, we used a standard quantum dot PPMS system with an alternate excitation field of 1 Oe and frequencies between 10 and 10 4 Hz. Heat capacity measurements were also carried out by a relaxation method, also using a PPMS system. The sample was a plate of 0.3-mm thickness and 7-mg weight, obtained by compressing the original powder.
III. RESULTS

A. Room-temperature structure
The x-ray powder diffraction data were used to evaluate the purity of the product obtained in the synthesis. The data were fitted using the pattern matching routine of the program FULLPROF, 13 (2) , and cϭ5.940(2) Å.
The room-temperature D2B powder neutron diffraction pattern was refined using the Rietveld method taking as starting model the Co 2 (OH)(PO 4 ) crystal structure reported in Ref. 10 . The experimental, calculated and difference neutron powder diffraction profiles for Co 2 (OH)(PO 4 ) are shown in Fig. 2 . The room-temperature structural parameters and the reliability factors from D2B data refinement are summarized in Table I .
The final refined positional and thermal parameters are given in Table II : As can be seen two independent crystallographic sites for cobalt and one for phosphorus are present in the compound. The main interatomic distances and angles for the cobalt hydroxyphosphate compound are listed in Table III .
B. Spectroscopic measurements
The diffuse reflectance spectrum of Co 2 (OH)(PO 4 
Furthermore, other weak absorption bands were also observed in the EPR spectrum, at around 210 mT, which can be attributed to a small portion of Co͑II͒ ions placed in the trigonal bipyramidal positions of the crystal structure. The g values corresponding to this symmetry were determined in a complete EPR study of the Zn 2 (OH)(PO 4 ): 0.1%Co and other hydroxiarsenate ϪCo͑II͒ compounds. 21 In this work a spin doublet Sϭ 1 2 was also found as the ground state when the crystal field of the trigonal bipyramidal together with the spin-orbit interactions are considered.
C. Magnetic properties
Variable temperature magnetic susceptibility measurements of Co 2 (OH)(PO 4 ) have been carried out on a powdered sample in the 4.2-300-K temperature range. Figure 4 shows the temperature dependence of the magnetic and reciprocal susceptibilities. At high temperatures (TϾ100 K) the thermal evolution of m follows a Curie-Weiss law, ϭC/(TϪ), with C m ϭ3.59 cm 3 K/mol Co 2ϩ and ϭ Ϫ63.5 K. The molar magnetic susceptibility increases from room temperature with decreasing temperature and reaches a first maximum at circa 70 K, indicating that a long magnetic order is established at this temperature. At low temperatures (TϽ20 K) other strong magnetic signal centered at 13 K appears ͑see 
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5.9B at room temperature to 0.2B at 4.2 K, imply that the dominant interactions between neighboring Co͑II͒ ions are antiferromagnetic.
Thermoremanent magnetization ͑TRM͒, as a function of temperature, between 4.2 and 100 K, is given in Fig. 5͑a͒ . The TRM curve was measured at Hϭ0 after cooling from TϾT N under a magnetic field of 0.1 T. Its value decreases by increasing the temperature up to 7 K where an up turn is observed. After a small maximum at Tϭ13 K (M r Ϸ35 emu/mol) the TRM strongly decreases and then, between 20 and 50 K the remanent magnetization was practically constant with a value of 5 emu/mol. By increasing the temperature above 70 K, the remanent magnetization reduces to zero, as corresponds to a paramagnetic state. The existence of a remanent magnetization different from 0 below 70 K reflects the existence of a ferromagnetic component, which is larger below 20 K. In fact, the magnetization variation with the magnetic field at Tϭ15 K shows a small hysteresis loop in which the Hc and Mr values are 25 G and 9 emu/mol, respectively ͓see Fig. 5͑b͔͒ . At this temperature the saturation is not reached. Below 15 K the observed hysteresis loop is less than that of 15 K with relatively small coercitivity commonly observed in spin glasses 22 ͓see the inset in Fig.  5͑b͔͒ .
The results of the magnetization at low fields, measured warming under 0.1 T after cooling down from room temperature first without an applied field ͓zero field cooled ͑ZFC͔͒ and subsequently under applied field ͓field cooled ͑FC͔͒, are shown in Fig. 6 . The low-temperature behavior is characterized by a sharp maximum in the ZFC-FC signals at 13 K. Magnetic irreversibility can be observed below this temperature being the magnetization measured after cooling the sample in the applied field ͑FC͒ constant down to 7 K. At temperatures higher than 15 K no difference between ZFC and FC magnetization is observed. The magnetic irreversibility is lower for an applied magnetic field of 1 T ͑see the inset of Fig. 6͒ . The effect of irreversibility observed in the magnetization curves is characteristic of a spin-glass-like behavior.
ac measurements are given in Fig. 7 . The real (Ј) and imaginary (Љ) components of the susceptibility at 100 Hz with an ac field of 1 Oe are shown in Fig. 7͑a͒ . The maximum observed at 70 K in the (Ј) measurements is associated with the long-range order interactions. The lack of absorption in out-of-phase (Љ) ac susceptibility in this temperature region indicates the presence of antiferromagnetic order, in good agreement with the results obtained from m vs T. Strong peaks are observed in both Ј and Љ at around 15 K indicating the presence of a magnetic transition of different nature than the previous one. A detailed analysis of the ac susceptibility has been performed around this temperature. The ac susceptibility curves were measured at different frequencies ͓see Fig. 7͑b͔͒ . The values are independent of the frequency up to the proximities of the maximum which is frequency dependent. The peak height decreases and the position of the maximum shifts to higher temperatures with increasing frequency. The influence of a superposed dc field was also studied ͓Fig. 7͑c͔͒; the ac susceptibility shows a strong dependence on magnetic field, and the peak nearly disappears under an applied magnetic field of 2000 Oe. These dependences are consistent with a cooperative freezing of individual magnetic moments, as occur in spin glasses, the freezing temperature T f being defined as that corresponding to the maximum in Ј.
The specific-heat data between 1.8 and 150 K are shown in Fig. 8 . The heat-capacity measurements exhibit a threedimensional magnetic ordering peak at 70 K. The temperature at which this ͑-type͒ peak appears is nearly the same to that obtained from the magnetic susceptibility measurements (TϷ70 K). The strong increase of Cp at higher temperatures is due to the lattice contribution (Cp pho ). The high temperature of the -type peak does not permit to calculate the magnetic contribution (Cp mag ) in a accuracy way. This contribution is relatively important compared with the phonon one at low temperatures. However, the phonon contribution at around the magnetic transition ͑70 K͒ is approximately four times larger. We tried to estimate Cp pho by fitting the experimental data above the -type anomaly to the Debye model; however, a large difference between both the theoretical and experimental data was observed. The reason of such discrepancy can be attributed to the presence in the unit cell of atoms such as Co and P with higher masses than those of the O and H atoms. Therefore, more than one phonon spectrum can be present in the compound. We intended to determine Cp pho from a theoretical method using the Debye model which usually best follow Cp pho in a wide temperature range. In this framework, the simplest model is to consider the existence of two different phonon spectra. In this way, if the number of atoms in the unit cell is N, we suppose n 1 atoms with a Debye temperature 1 and n 2 ϭ(NϪn 1 ) atoms with a Debye temperature 2 . Therefore, there are three free parameters, namely, n 1 , 1 , and 2 . The best fitting is obtained for n 1 ϭ5.8, 1 ϭ1141 K, and 2 ϭ267 K. The good quality of the fit ͑see the continuous line in Fig. 8͒ as well as the meaning of the obtained values ͓the number of ions associated with the largest Debye temperature are nearly the number of the lighter ions ͑6͔͒ allow us to consider that this phenomenological model determine reasonable well the pho- non contribution. The magnetic contribution was calculated as Cp mag ϭCpϪCp pho ͑see Fig. 8͒ . In addition to the -type peak at the ordering temperature, we can also observe the existence of a shoulder at around 30 K which can be attributed to a spin glass-like behavior where a broad anomaly in Cp mag usually appears at temperatures higher than the freezing one.
D. Low-temperature neutron diffraction
Magnetic structure refinements
The low-temperature D2B diffraction patterns were collected at 30 and 2 K below the first and second magnetic transitions, respectively. Both patterns exhibit extra magnetic peaks indicating that Co 2 (OH)(PO 4 ) is magnetically ordered at these temperatures. Extra diffraction peaks were clearly observed in the neutron pattern at 30 K with a very intense magnetic reflection at dϭ8.36 Å. Nevertheless, no new extra magnetic contributions are observed at 2 K indicating the absence of either a new or different magnetic ordering at this temperature, in good agreement with the magnetic data. The D1B diffraction pattern at 1.5 K shows a better resolution of the magnetic reflection at dϭ8.36 Å, indicating the existence of two resolved magnetic peaks in this angular range ͑see Fig. 9͒ . All magnetic peaks can be indexed with a propagation vector kϭ(0,0,0) referring to the room-temperature ͑RT͒ unit cell, indicating that both the magnetic and nuclear unit cells are similar.
The possible magnetic structures compatible with the Pnnm crystal symmetry has been evaluated with the help of Bertaut's macroscopic theory 23 that allows one to determine the symmetry constraints between each magnetic moment of Co 2ϩ belonging to the same general crystallographic position. The magnetic atoms occupy two different special sites. Co͑1͒ atoms ͑named R͒ are in a 4g position and are numbered ͑1͒ x, y, tices are present in the crystal structure. In the unit cell two dimers (R1 -R2 and R3 -R4) and two chains ( -S1 -S2 -and -S4 -S3 -) are present. Using the method developed by Bertaut and taking into account the restrains imposed by the independent symmetry elements of the space group Pnnm along the three directions x, y, and z, the possible orientations of the magnetic moments in every sublattice were calculated. The agreement between the observed and calculated diffraction patterns for each possible magnetic structure has been tested. The best agreement was obtained with the magnetic moments in the z direction.
In the case of the R sublattice ͓Co͑1͔͒, the relationship between the magnetic moments is ϩR1zϩR2z and ϪR3z ϪR4z. For the S sublattice ͓Co͑2͔͒ the relationship is ϪS1zϪS2z and ϩS4zϩS3z. The best fit of the D1B experimental pattern at 1.5 K is plotted in Fig. 9 . The saturated magnetic moments of Co͑1͒ and Co͑2͒ are respectively m z ϭ3.39(7) B and m z ϭ3.84(5) B per cobalt ion. The nuclear and magnetic discrepancy factors are R p ϭ1.88, R wp ϭ2.49, 2 ϭ3.19, R Bragg ϭ7.35, and R mag ϭ7.27. The representation of the magnetic structure of Co 2 (OH)(PO 4 ) is shown in Fig. 10 . As previously indicated, the crystal structure consists of an arrangement of two types of entities linked by (PO 4 ) tetrahedra sharing the corners: Co͑1͒ trigonal bipyramidal dimers ͑sublattice R͒ and Co͑2͒ octahedral chains ͑sublattice S͒ parallels to the z direction ͓see Fig. 10͑a͔͒ . In the magnetic structure both entities are ferromagnetic along the z direction. In the xz plane the dimers and chains are ferromagnetically coupled ͓Fig. 10͑b͔͒, generating layers in which the magnetic moments are parallel. There are two types of ferromagnetic layers placed in the unit cell, at yϭ0 and 1/2, with their magnetic moments disposed antiparallel between them stabilizing the three-dimensional antiferromagnetic order through ͉OH͉ and ͉PO 4 ͉ groups. Although the refined model is overall antiferromagnetic, the arrangement of the magnetic moments allows the existence of a strong ferromagnetic component in the z direction. The values of the magnetic moments along the x and y directions were in the error limit of the measurements and were considered as negligible in the following refinements.
Thermal evolution of the ordered magnetic moments
The thermal evolution of the D1B neutron diffraction patterns for Co 2 (OH)(PO 4 ) from 1.7 to 100 K is shown in Fig.   11 . The extra magnetic peaks appear below 71 K, which can be attributed to a three-dimensional antiferromagnetic ordering in the sample. The intensity of the magnetic reflections increases up to reach a maximum at around 40 K. Below this temperature the intensity is maintained constant up to 1.7 K.
The dependence of the lattice parameters and volume with temperature is shown in Fig. 12 . The thermal expansion of the lattice parameters in the temperature range 1.7-150 K is anisotropic. The b parameter exhibits a great dispersion but the tendency of the values is practically constant. The a and c parameters show different behaviors with temperature: ͑i͒ Above 70 K, which is the temperature near the threedimensional magnetic ordering, the a and c parameters show a positive dependence on temperature. ͑ii͒ Between 70 and 20 K the a parameter decreases with decreasing temperature whereas the c parameter shows a negative dependence with temperature. ͑iii͒ Below 20 K, where the spin glass behavior is evidenced, it can be surprisingly observed that the a parameter slightly increases up to 1.7 K. In the case of the c parameter the same tendency is followed in this temperature range. Finally, the thermal evolution of the unit cell volume indicates a slowly decrease up to 20 K followed by an increase below this temperature which can be attributed to the competition of the increasing and decreasing trends of the a and c parameters.
The thermal dependence of the ordered magnetic moments is represented in Fig. 13 . It can be observed that the three-dimensional magnetic order begins at 71 K being the ordering temperature similar in both sublattices ͑see dimer groups, the magnetic moment increases more quickly from 2.65(5) B at 50 K to 3.39(5) B close to 6 K where the saturation value is reached ͑see Fig. 13͒ . Furthermore, the refined magnetic moments of the Co͑2͒ octahedral ions are always higher than those of the Co͑1͒ bipyramidal trigonal geometry in all temperature ranges studied. The observed differences can be attributed to the distinct crystal effects 21 in both sublattices together with the presence of the spin glass state. 33 . 24 The addition of lower-symmetry crystal fields produces a further splitting of the 4 T 1 triplet, giving six Kramer's doublets, and in most cases it is found that the trace of the g tensor is close to the cubic isotropic value; 25 in the present case the average g is 4.154. To understand this value we first consider the Co 2ϩ ions in a cubic symmetry do not change this value in our approximation.
IV. DISCUSSION AND CONCLUSIONS
In the lower order one obtains g from the matrix elements of the Zeeman term in the ⌫ 6 subspace of the 4 T 1 ground triplet. The matrix elements of the orbital angular momentum L within a T 1 subspace are proportional to those of a P term, but one should note that the excited term 4 P is also of the 4 T 1 symmetry, and is mixed by the cubic field with the 4 T 1 of the ground 4 F term. If we indicate two states of 4 F and 4 P with i and i Ј , respectively, such that they transform in the same way under the cubic group, the states of the ground 4 T 1 will be of the form a i ϩb i Ј . 26 The values of the constants a and b can be obtained 26, 27 from the Racah parameter B, and the crystal-field parameter Dq, that take the values 875 and 720 cm Ϫ1 , respectively, in the Co 2 (OH)(PO 4 ) compound. With these values one obtains aϭϪ0.9820 and bϭ0.1886, and the proportionality constant of the angular momentum is ␣ϭϪ1.5a
2 ϩb 2 ϭϪ1.4110. Two further effects should be considered in the calculation of the isotropic -g -tensor. One is the second-order contribution of the 4 T 2 states, that are separated by ⌬ЈϭϪ15BϪ6Dq ϭ7000 cm Ϫ1 from the ground 4 T 1 states, and the other is the covalency between the Co and the neighboring O, described by several covalence factors, 25, 26 that reduce the matrix elements of the orbital angular momentum and of the spin-orbit interaction. Using a single k o for all these factors one obtains the expression for the g factor in a cubic field,
where ϭϪ180 cm Ϫ1 is the Co 2ϩ spin-orbit interaction. With the parameters employed, this isotropic g tensor coincides with the trace of the experimental one when k o ϭ0.86. When one employs the parameters of Co MgO, 24 viz. ions at around 70 K. The signal observed at about 15 K in the low field magnetization measurements together with the existence of a ferromagnetic component confirm the presence of an anomaly, which looks to a spin-glass behavior, at this temperature in the cobalt hydroxyphosphate. The thermal dependence of the magnetic susceptibility of Co 2 (OH)(PO 4 ) shows a magnetic hysteresis between the ZFC and FC parts. The FC and ZFC magnetization curves start to separate at around 13 K, where a weak irreversibility begins to develop and magnetic correlation between magnetic moments appears. The difference between the FC and ZFC curves is explained by the blocking of the magnetic moments in a paramagnetic state during the ZFC mode. Conversely, these moments are aligned parallel to the applied field during the FC mode; this leads to a larger magnetization in that case. 28 It is worth mentioning that the remanent magnetization T ϭ7 K changes its tendency, with an increase of Ϸ5% by increasing the temperature up to TϷ13 K ͓see Fig. 5͑a͔͒ , this temperature being the same as that corresponding to the maxima in the ZFC-FC magnetization measurements. Magnetization under zero-field-cooled conditions falls below under field-cooled conditions at temperatures below T f , a behavior observed in typical spin-glass materials. Although the canonical behavior associated with spin glasses, a constant FC magnetization while the ZFC magnetization drops toward zero, is only observed below 7 K, the appearance of irreversibility just below the maximum in the low-field magnetization curve together with the shape of the ZFC and FC curves confirm the spin-glass state suggesting a cooperative freezing at 13 K. A careful analysis of the FC branch clearly reveals the existence of a sudden increase of the magnetization below 22 K related, as we will see later, to the onset of the freezing process of the surface spin glass. Moreover, the strong irreversibility associated with the blocking process on the magnetic ions (HϽ1 T) almost disappears for applied fields of 1 T ͑inset of Fig. 6͒ as it is expected when the anisotropy field of the ions is surpassed and magnetic moments are supposed to be saturated.
The presence of a spin-glass transition is also observed in the ac measurements from the data obtained at different frequencies and applied fields. The initial susceptibility at the lowest frequency measured ͑10 Hz͒ shows a cusp ͑Fig. 7͒ which has been considered as the spin-glass freezing temperature (T f Ϸ13 K). The maximum irreversibility decreases in both (Ј) and (Љ) when the field increases and tends to disappear at about H dc Ϸ2000 Oe ͓see Fig. 7͑c͔͒ . This corresponds to the fact that the magnetic energy becomes sufficient ͑in a high field͒ to overcome the energy barrier ͑or blocking temperature͒ between the possible equilibrium positions of the magnetic moments. Moreover, the temperature of the maximum of the ZFC curve increases with increasing fields, which is reminiscent of the behavior of spin glasses. Furthermore, the magnetization shows a hysteresis loop with a nonzero remanent magnetization below T f . These facts can be considered as a clear evidence for the formation of a spin-glass state in Co 2 (OH)(PO 4 ) with a freezing temperature at T f Ϸ13 K. All these results obtained from the magnetic measurements together with the no observation of a magnetic peak in the heat-capacity data at 13 K, whereas a broad anomaly in the magnetic specific heat appears well above this temperature ͑see Fig. 8͒ are a distinct feature of a spin glass state with a static freezing temperature that it is slightly dependent of the frequency, 29, 30 and clearly indicates that usual long-range spatial magnetic order does not occur at T f , so it is a system with a spin-glass phase of nearly 15 K.
The magnetic behavior of Co 2 (OH)(PO 4 ) shows the presence of two types of magnetic interactions: ͑i͒ threedimensional antiferromagnetic interactions which dominate at high temperatures and that are the responsible for the high extrapolated negative Curie-Weiss temperature, and ͑ii͒ ferromagnetic interactions at temperatures lower than 20 K where the field-cooled magnetization ͑or susceptibility͒ increases. This fact can be explained as due to the existence of ferromagnetic domains into an overall antiferromagnetic behavior which predominates at high temperatures. The uncompensated moments caused by exchange interactions between the moments can be frozen below a blocking temperature which their relaxation time ( m ) corresponds to the measuring time (tϭ1/) in ac susceptibility measurements. Although there is a distribution of blocking temperatures, the irreversibility appears below a peak, at T f , in the ZFC magnetization measured in a low field or in the ac susceptibility. Depending on the interactions between the magnetic moments, T f can be strongly ͑weak interactions͒ or weakly ͑strong interactions͒ dependent on the measuring time. In Co 2 (OH)(PO 4 ) the frequency shifts of the maxima in the Ј susceptibility, within the experimental errors, yield ratio ⌬T f /͓T f ⌬(ln )͔ of 0.0024 which is in good agreement with values previously reported for spin glasses. 29, 31 The temperature dependence of m may be described by the Vogel-Fulcher law with a relaxation time characteristic of strong interactions and weak frequency dependence of T f :
͑2͒
As found experimentally for other spin glasses, 32 m diverges at a temperature T o which is smaller than the freezing temperature T f . Assuming the variation of the Ј to a Gaussian function around the T f and taking o ϭ o Ϫ1 ϭ10 13 Hz, 32 we obtain reasonable fitting parameters T o ϭ13.6 K and E a /k B ϭ20.4 K as compared to other data. 31 Therefore, the frequency dependence of the T f is well described by the VogelFulcher law ͓see the inset in Fig. 7͑b͔͒ as correspond to a spin-glass transition.
The magnetic structure of Co 2 (OH)(PO 4 ) ͑Fig. 10͒ consists of ferromagnetic arrangements between the Co͑2͒ octahedral chains and Co͑1͒ trigonal bipyramidal dimers within xz plane with the magnetic moments along the z direction. The magnetic interactions in each sublattice, ͓Co(2)O 8 ͔ ϱ octahedral chains and ͓Co(1) 2 O 8 ͔ dimeric units, together with the interactions through the ͉OH͉ and phosphate groups give rise to a three-dimensional antiferromagnetic coupling. The explanation for the observation of markedly different saturated magnetic moments in Co 2 (OH)(PO 4 ) with two chemically similar Co 2ϩ cations must be based on the differences between the geometries around the two cation sites. Spontaneous static ordering of the magnetic moments at low temperatures is caused by exchange interactions between the moments, making it energetically favorable for them to align either parallel or anti-parallel. Superexchange interactions are well understood for a simple cation-anion-cation pathway with interactions strongly antiferromagnetic for a linear 180°C o-O-Co bond angle and ferromagnetic for an angle of 90°w ith the crossover at around 100.6°. The higher value observed up to now for ferromagnetic interactions in Co͑II͒ compounds with Co-N bonds is 102.3°. 33 The magnetic structure of Co 2 (OH)(PO 4 ) shows several exchange pathways 34 -36 Fig. 14͑c͔͒ . ͑iv͒ Ferromagnetic superexchange interactions between dimers and their neighbor chains, through the O͑3͒ atoms, which are also ferromagnetically coupled ͓see Fig. 14͑c͔͒ . The ferromagnetic interactions observed in the xz plane, where the a parameter undergoes an unexpected behavior, are principally produced by the superexchange angle, Co͑1͒-O͑3͒-Co͑2͒, that simultaneously involves, by symmetry, two exchange pathways with a value of 107°. This striking exchange angle, as far as we are aware, is the higher angle found in the literature for a ferromagnetic exchange pathway. Finally, ͑v͒ superexchange antiferromagnetic pathways through the ͉PO 4 ͉ groups in ͉CoO 5 ͉-͉PO 4 ͉-͉CoO 5 ͉ and ͉CoO 5 ͉-͉PO 4 ͉-͉CoO 6 ͉ sequence ͓see Figs. 14͑b͒ and 14͑c͔͒ . The ͉OH͉ groups and the ͉PO 4 ͉ tetrahedra allow to propagate the magnetic interactions giving rise to an antiferromagnetic three-dimensional system.
The thermal variation of the magnetic moments indicates that a rapid ordering between 70 and 50 K is established ͓see Fig. 13͔ . At 50 K the Co͑2͒ magnetic moments in the chains reach approximately 90% of ordering, whereas the Co͑1͒ ions in the dimers only reach 75%. Below 20 K, the magnetic moments of both sublattices are practically saturated with a difference between the ordered magnetic moments of approximately 10%. This difference could be attributed to the presence of two different causes ͑a͒ the distinct crystal field effects in both sublattices or ͑b͒ the existence of a spin glass state. Notwithstanding, both effects can act simultaneously. If we only consider the crystal electrical field, the Co͑II͒ ions in each sublattice have ''real'' different magnetic moment as shown in Fig. 13 , and in this case, we can describe our magnetic structure, strictly speaking, as ''antiferrimagnetic'' because each sublattice orders itself antiferromagnetically. However, if the differences in the magnetic moment are associated to the spin glass transition, only a fraction of the Co͑1͒ moments periodically orders below the Neel temperature and a certain percentage remains disordered until the spin glass transition is reached becoming randomly freeze. In this framework, the values of the magnetic moment extracted from the fitting to the diffraction patterns are ''effective'' magnetic moments in the ordered state. This means that the Co͑1͒ and Co͑2͒ magnetic moments have the same value. The differences given in Fig. 13 can be explained by considering that all the magnetic moments in the sublattice S participate of the long range antiferromagnetic order. However, in the sublattice R, only 90% of Co͑1͒ moments became ordered and the rest is contributing to the freezing processes. Because neither Co͑1͒ nor Co͑2͒ magnetic moments reach the full free-ion moment expected for Co͑II͒ we can consider that both effects are present: the crystal field reducing the moment in both sublattices and the random freezing of Co͑1͒ moments decreasing the ''effective'' magnetic moment of the sublattice R. Another interesting point to be considered with respect to the freezing processes is the existence of magnetic frustration in the Co͑1͒ present in the dimers due to the existence of antiferromagnetic interactions between the Co͑2͒ neighbor chains ͓see Fig. 14͑c͔͒ .
On the other hand, it is worth mentioning the effect of the Co͑1͒-O͑3͒-Co͑2͒ angle in the magnetic behavior of Co 2 (OH)(PO 4 ). The value of this angle, 107°, does not undergo any variation with the temperature from room temperature to 2 K. This angle can be considered as an orthogonal ''accidental'' angle giving rise to the different disposition of the moments which is essential to install the competition and ensure cooperativeness of the freezing process. The decrease in temperature below 20 K shows that these moments can be regarded as a spin glass state. Preliminary results in the arsenate Co 2 (OH)(AsO 4 ) phase indicate a variation of this angle from 114.5°at 300 K and 113°at 100 K. Below 20 K the magnetic structure is completely different and an incommensurate phase is observed. Considering all these data we finally propose that the anisotropy of Co 2ϩ ions, the frustration of the Co͑1͒ magnetic moments and the Co͑1͒-O͑3͒-Co͑2͒ angle play an important role in the presence of a spinglass behavior in the Co 2 (OH)(PO 4 ) ordered phase.
V. SUMMARY
Two anomalies of magnetic origin can be observed at 70 and 13 K in Co 2 (OH)PO 4 by different magnetic techniques ͑dc and ac͒ as well as in thermal evolution of the cell parameter. The anomaly at higher temperature is clearly due to the establishment of long-range antiferromagnetic order. The absence of any distinguishing anomaly in the heat capacity at 13 K as well as the fact that the magnetic structure does not change between 70 and 2 K, strongly support previous evidence in the magnetic measurements about the spin-glass nature of the low-temperature transition. Therefore, we can conclude than in Co 2 (OH)PO 4 a spin-glass freezing coexists, with the long-range-antiferromagnetic order below 13 K comprising the freezer moments, which correspond to Co͑1͒ ions along the z direction.
